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Role of crystal size on swing-eﬀect and adsorption
induced structure transition of ZIF-8†
Tian Tian,a Michael T. Wharmby,b José B. Parra,c Conchi O. Aniac and
David Fairen-Jimenez*a
The ﬂexibility and structure transition behaviour of ZIF-8 in a series of samples with diﬀerent particle size
has been studied using a combination of high-resolution N2 gas adsorption isotherms and, for the ﬁrst
time, a broad in situ PXRD and Rietveld analysis. During the stepped adsorption process, large particles
showed a narrow adsorption/desorption pressure range with a shorter equilibrium time due to lower
kinetic hindrance, deriving from higher amount of active sites. In situ PXRD showed that both the rotation
of imidazole ring and a bend in the methyl group led to the gate opening of ZIF-8.
Introduction
Zeolitic imidazole frameworks (ZIFs) are a subfamily of metal–
organic frameworks (MOFs) with zeolitic topologies. ZIFs have
attracted great interest for combining the advantages of MOFs
(i.e. large pore volume, high surface area, tuneable chemical
functionality) and zeolites (i.e. high thermal and chemical
stability).1 These properties make ZIFs excellent candidates in
gas adsorption,2,3 separation4,5 and catalysis.6,7
Among all ZIFs, ZIF-8 [Zn(mIM)2] (mIM = 2-methyl-
imidazolate, C4H5N2
−) is of particular interest due to its high
thermal and chemical stability, and characteristic porosity.8,9
ZIF-8 presents a large BET area (SBET ca. 1700 m
2 g−1) and rela-
tive high crystal densities (0.95 g cm−3), and can be prepared
in large and chemically robust monolithic morphologies
with large volumetric adsorption capacities (SBET(vol) =
1660 m2 cm−3).10 ZIF-8 possesses a sodalite (SOD) topology
containing relatively large pore cavities (ca. 11.6 Å diameter)
interconnected by small windows (ca. 3.4 Å diameter).11 Due to
its small window size, ZIF-8 was expected to separate mole-
cules with diﬀerent kinetic diameters. However, it was found
that gas molecules with diameter larger than 3.4 Å, e.g. N2
(3.6 Å), could also be adsorbed.12
In a previous study, we combined the use of grand canoni-
cal Monte Carlo (GCMC) simulations and in situ powder X-ray
diﬀraction (PXRD) to demonstrate that the structural transition
of ZIF-8 was induced by gas adsorption, from an ambient to a
high pressure structure, ZIF-8AP and ZIF-8HP, respectively.13
The structural change implies the reorientation of the mIM
ligands and the increase in the size of both the 4- and 6-ring
windows present in this material. In particular, the swing eﬀect
of the imidazole rings is responsible for the stepwise adsorp-
tion of N2 at 77 K at 0.02 p/p0. We have also shown the exist-
ence of the swing eﬀect and phase transition in ZIF-8 during
the adsorption of other alkanes at ca. 0.1 p/p0 and 125 K for
methane; as well as 0.3 p/p0, 0.02 p/p0 and 6 × 10
−3 p/p0 at
273 K for ethane, propane and butane, respectively.14 Interest-
ingly, in all these later cases the phase transition takes place
without observing a stepped behaviour in the adsorption
process (i.e. Type I adsorption isotherms). Using DFT calcu-
lations, we showed that the driving force for this transition
was related to the insertion of additional molecules in the
4-ring windows, which in turn stabilizes the “high-loading”
ZIF-8HP structure. Following this work, Ania et al. studied the
structural transition of ZIF-8 using high resolution adsorption
isotherms of diﬀerent gases (CO, N2, O2, Ar) at diﬀerent temp-
eratures (77 and 90 K) and found that polarizability, size and
shape of gas molecules aﬀected the swing eﬀect and phase
transition behaviour.15 Contrary to our previous results,13 Ania
et al.15 and Park et al.,1 observed hysteresis during the deso-
rption of N2 and Ar at cryogenic temperatures as well as some
other gases such as CO and O2, and reported the existence of
two adsorption substeps around the transition pressure, attri-
buting this behaviour to the reorganization of the adsorbed
gas molecules and their interactions with the framework. In
addition to these studies, the swing eﬀect of ZIF-8 has been
further studied both experimentally and computationally.16,17
For example, by using single crystal XRD and Raman spectro-
scopy, it has been observed that the structural transition of
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ZIF-8 was also induced by reducing the temperature beyond
150 K under N2.
18,19 We and others have also shown recently
the use of THz radiation and inelastic neutron scattering for
the study of the flexibility modes of ZIF-8.20–22 Although the
adsorption mechanism of multiple gases as well as the shape
of the adsorption isotherms of ZIF-8 have been widely investi-
gated, the origin of the substeps in the adsorption isotherms
of various gases at cryogenic temperatures, and of the occur-
rence of a hysteresis loop during the desorption are still
unclear.
During the preparation of this manuscript, Zhang et al.
demonstrated that the particle size of ZIF-8 aﬀected its struc-
tural transition during N2 adsorption at 77 K.
23 By applying
the osmotic framework adsorbed solution theory (OFAST),24
they observed that the pressure for the phase transition shifted
to higher values when the particle size was reduced. This
finding is especially relevant because ZIF-8 can be synthesized
with particle sizes in the nanometre to micrometre range.25
In this regard, the flexibility of ZIF-8 is of particular impor-
tance as it aﬀects the diﬀusivity of gas molecules through the
porous network. Indeed, previous molecular dynamic studies
have shown tremendous diﬀerences in the diﬀusivity of gas
molecules between the rigid and the flexible structure of
ZIF-8.14,26,27
In this work, we synthesised ZIF-8 with a wide range of par-
ticle sizes and studied the role of the particle size on the gas-
induced structural transition on adsorption of N2 at 77 K, as
well as the kinetics of the process. We also include, for the
first time, a detailed study about the mechanisms of the phase
transition during the adsorption process by using in situ PXRD
experiments during N2 adsorption at cryogenic temperature on
two diﬀerent sized ZIF-8 samples.
Experimental
Materials
Zn(NO3)·6H2O (98%), 2-methylimidazole (97%), sodium
formate (98%) and methanol (99%) were purchased from Alfa
Aesar. All chemicals were used as received.
Synthesis of ZIF-8s
Six diﬀerent ZIF-8 samples with diﬀerent particle size were pre-
pared using diﬀerent methods. ZIF-8-0.14 was synthesised
based on the method reported by Pan et al.28 Aqueous solu-
tions of Zn(NO3)·6H2O (8 ml, 0.492 M) and 2-methylimidazole
(80 ml, 3.46 M) were mixed and stirred for 5 minutes under
ambient conditions.
ZIF-8-0.21, ZIF-8-0.61 and ZIF-8-1.6 were synthesised based
on methods reported by Kida et al.29 Aqueous solutions of
Zn(NO3)·6H2O (10 ml, 0.25 M) and 2-methylimidazole (90 ml,
2.77 M) were mixed and stirred for 24 h under ambient con-
ditions to synthesise ZIF-8-0.21. ZIF-8-0.61 and ZIF-8-1.6 were
synthesised by reducing the concentration of 2-methyl-
imidazole to 1.66 M and 1.11 M, respectively, while keeping
other conditions unchanged.
ZIF-8-10 and ZIF-8-98 were synthesised based on methods
reported by Zhang et al.30 For ZIF-8-10, 2-methylimidazole
(0.099 M) and sodium formate (0.198 M) were dissolved in
40 ml of methanol, which was then poured into a solution of
Zn(NO3)·6H2O (40 ml, 0.049 M) in methanol. The mixture was
placed in a Teflon-lined steel autoclave and heated at 363 K
overnight. For ZIF-8-98, 2-methylimidazole (0.593 M) and
sodium formate (0.281 M) were dissolved in 40 ml of metha-
nol, and then poured into a solution of Zn(NO3)·6H2O (40 ml,
0.3 M) in methanol. The mixture was placed in a Teflon-lined
steel autoclave and heated at 363 K overnight.
All as synthesised solids were collected by centrifugation,
washed with ethanol (20 ml, 3 times) and dried at 373 K under
vacuum.
Characterisation of materials
Powder X-ray diﬀraction (PXRD) patterns were recorded with
a Bruker D8 diﬀractometer using Cu Kα1 (λ = 1.54056 Å)
radiation with a step of 0.02° at a scanning speed of 0.1° s−1.
Scanning electron microscope (SEM) images were taken using
a Hitachi S-5500 FE SEM with an accelerating voltage of 1 kV.
High resolution N2 adsorption–desorption isotherms were
measured at 77 K using a Micromeritics ASAP 2020 instrument
in the relative pressure range from 10−6 to 1 for the adsorption
branch and down to 10−3 for the desorption branch. The
instrument was equipped with a molecular drag vacuum
pump and three pressure transducers (0.1, 10, 1000 mmHg,
uncertainty within 0.15% of reading) to enhance the sensitivity
in the low-pressure range. All samples were evacuated over-
night for 24 h at 423 K under dynamic vacuum prior to adsorp-
tion. Strict analysis conditions were programmed during the
gas adsorption measurements to ensure equilibrium data in
all cases. Consequently, the average elapsed time for the
measurement of the isotherms was 90–120 h, with over 200
equilibrium points on average per isotherms. The saturation
pressure of the gas was continuously measured throughout the
analysis by means of a pressure transducer. For all isotherms,
warm and cold freespace correction measurements were per-
formed by using ultrahigh purity He gas (grade 5.0, 99.999%
purity). Ultrahigh purity N2 (i.e. 99.9992%) was provided by Air
Products.
Data for the in situ gas adsorption powder X-ray diﬀraction
experiments were collected at beamline I11 at Diamond Light
Source (Oxon., UK; λ = 0.825701 Å), using the I11 gas cell at
80 K.31–33 Both ZIF-8-0.14 and ZIF-8-98 samples were activated
prior to the gas adsorption experiment by heating to 413 K
under vacuum. Data were collected at 22 diﬀerent pressures,
11 in the 0.0–0.1 p/p0 range and 11 in the 0.1–0.9 p/p0 range.
Selected pressure points were fully refined by the Rietveld
method using the TOPAS-Academic v5 suite.34 Subsequently,
these structures were used as fixed points in a parametric
Rietveld refinement,35 also performed using TOPAS-Academic
v5. See ESI† for full details.
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Results and discussion
ZIF-8 particle size and gas adsorption
We controlled the particle size of ZIF-8 by modifying the
Zn/mIM ratio or by incorporating additives as reported else-
where.9,29,36 Fig. 1 shows the PXRD patterns of the diﬀerent
samples. The diﬀerent samples matched the simulated PXRD
pattern, indicating the successful synthesis of ZIF-8. Although
the full width at half maximum was larger for small particles
than for large ones, we were not able to calculate the particle
size by using the Scherrer equation since the equipment con-
tribution to the broadening of the Bragg peaks was larger than
the contribution from the samples. In this case, we measured
the particle size of ZIF-8 samples by using SEM. Fig. 2 shows
the SEM images, whilst Fig. S1† and Table 1 show the normal
(Gaussian) distribution and the average particle size, respecti-
vely, of the diﬀerent ZIF-8 samples. Particle size for ZIF-8 was
in the range between 0.141 and 98 μm. In particular, smaller
particle size ZIF-8 showed narrower size distribution compared
with larger ones.
We further analysed the porosity for all samples by using
high-resolution N2 adsorption/desorption isotherms at 77 K.
The BET areas of ZIF-8 samples were calculated using the
Rouquerol’s consistency criteria.37 Table 1 shows similar BET
areas, ranging between 1700 and 1810 m2 g−1, for all the
materials. Fig. 3 shows the adsorption isotherms of N2 on
ZIF-8 samples; we used a semi-log plot to give more detail in
the low pressure range. All samples presented the same charac-
teristic stepwise adsorption isotherm widely reported for
ZIF-81,13,15 and the swing eﬀect of the mIM rings at a similar
onset transition, of ca. 5 × 10−3 p/p0. As particle size decreases,
the samples showed a slight increase in the uptake during the
plateau and close to saturation. This eﬀect is attributed to the
existence of interstitial spaces between ZIF-8 particles, some-
thing that is more important for smaller particle size.
Fig. 3 (inset) shows a magnification of the adsorption iso-
therms in the phase transition region for clarity, whereas
Fig. 4 and S4† show the adsorption and desorption branches,
where the diﬀerences between samples of diﬀerent size are
evident. On the one hand, samples with smaller particle size
(i.e. ZIF-8-0.14 and ZIF-8-0.21) shifted the gate pressure for the
adsorption substep to higher p/p0 values compared to samples
with larger particle size (i.e. from 0.006 to 0.014 p/p0). On the
other hand, samples with smaller particle size showed a wider
hysteresis loop compared to larger particle samples. Interest-
ingly, in the case of ZIF-8-98 (i.e. the sample with the largest
particle size) the adsorption was completely reversible and no
hysteresis was found. These phenomena agreed well with the
previous reports from Ania et al., which indicate the presence
of hysteresis15 – and from some of us which show no such
hysteresis.13 As the hysteresis loop occurred at very low pressures,
it cannot be explained by a capillary condensation mechanism
characteristic of mesoporous materials.38 This is attributed to
the desorption of N2 from an opened ZIF-8HP structure and
hence gradual rearrangement of the remaining gas molecules
during the transition to the initial closed ZIF-8AP structure.
Fig. 1 PXRD patterns of ZIF-8 with a diﬀerent particle size alongside a
simulated ZIF-8.
Fig. 2 SEM images of ZIF-8 with a diﬀerent particle size.
Table 1 Particle size and BET areas of ZIF-8 with diﬀerent particle size
Materials Particle size (μm) BET areas (m2 g−1)
ZIF-8-0.14 0.141 ± 0.035 1740
ZIF-8-0.21 0.213 ± 0.041 1702
ZIF-8-0.61 0.608 ± 0.013 1739
ZIF-8-1.6 1.6 ± 0.4 1799
ZIF-8-10 10.0 ± 0.5 1809
ZIF-8-98 98 ± 34 1731
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The shift of the gate pressure to higher values and the
wider range of the hysteresis loop for smaller particles
suggests a higher energy barrier between ZIF-8AP and ZIF-8HP
structures, and thus, a higher kinetic hindering. A similar
observation was made by Watanabe et al.,39 using GCMC simu-
lation, where they showed that the width of the hysteresis loop
was inversely proportional to the energy barrier. This tran-
sition was also observed experimentally by Sakata et al.40 for
the interpenetrated [Cu2(bdc)2(bpy)]n (bdc = 1,4-benzenedi-
carboxylate, bpy = 4,4′-bipyridine) system, which exhibited a
cooperative guest-induced structural transformation from a
non-porous closed phase to an open phase.
Dynamic adsorption measurements
Changes in framework flexibility are especially relevant for
ZIF-8, where the very narrow windows will allow (or not) the
adsorption of larger molecules. Having a range of samples
with diﬀerent adsorption behaviour at thermodynamic equili-
brium conditions in the adsorption isotherms, we decided to
study the adsorption kinetics by measuring the equilibration
time of each equilibrium adsorption point of the isotherms.
For clarity, Fig. 5 shows a comparison of the samples with
large (i.e. ZIF-8-98) and small (i.e. ZIF-8-0.14) particle size only.
Fig. S5† shows the adsorption equilibration time during the N2
adsorption isotherm at 77 K, for all the samples.
There are three clear ranges taking into account the phase
transition occurring at a gate pressure of ca. 5 × 10−3 p/p0.
First, before the gate pressure, all the ZIF-8 samples showed
very diﬀerent adsorption kinetics, with the equilibration
process being much faster for samples with larger particle
sizes (e.g. ZIF-8-98, ca. 25 min) than for those with smaller par-
ticle size (e.g. ZIF-8-0.14, ranging from 100 to 25 min). Second,
Fig. 4 Low pressure hysteresis loops of ZIF-8 samples with diﬀerent
particle size. Closed symbols, adsorption; open symbols, desorption.
Fig. 5 Adsorption isotherms and equilibrium time for N2 at 77 K for (a)
ZIF-8-98 and (b) ZIF-8-0.14. Black circles, N2 uptake; red empty
squares, equilibrium time; grey shading, gate pressure region.
Fig. 3 Semi-log plot of N2 adsorption isotherms at 77 K in ZIF-8
samples with diﬀerent particle size. Blue closed diamonds, ZIF-98; red
closed squares, ZIF-8-10; green closed triangles, ZIF-8-1.6; purple open
diamonds, ZIF-8-0.61; blue open squares, ZIF-8-0.21; orange open tri-
angles, ZIF-8-0.14.
Paper Dalton Transactions
6896 | Dalton Trans., 2016, 45, 6893–6900 This journal is © The Royal Society of Chemistry 2016
O
pe
n 
A
cc
es
s A
rti
cl
e.
 P
ub
lis
he
d 
on
 2
6 
Fe
br
ua
ry
 2
01
6.
 D
ow
nl
oa
de
d 
on
 2
0/
04
/2
01
6 
08
:5
6:
07
. 
 
Th
is 
ar
tic
le
 is
 li
ce
ns
ed
 u
nd
er
 a
 C
re
at
iv
e 
Co
m
m
on
s A
ttr
ib
ut
io
n 
3.
0 
U
np
or
te
d 
Li
ce
nc
e.
View Article Online
the adsorption rate for all samples was significantly slowed
near the gate pressure (up to ca. 80 min), before increasing at
p/p0 > 0.01 (i.e. after the transition to ZIF-8HP), which is the
third stage with all the samples behaving similarly, with faster
kinetics than at lower pressures. The dependency of the
adsorption equilibration time and particle size before the gate
pressure implies diﬀerences in ZIF-8AP flexibility (i.e. the
dynamic, free swing of the mIM rings to allow access of large
molecules into the cavities) between diﬀerent samples at these
conditions. In turn, the increase of the equilibration time (i.e.
slow kinetics) at the gate pressure would be explained by the
permanent swing of the mIM rings, and the access and
rearrangement of the gas molecules in the cavities, and there-
fore the phase transition of ZIF-8AP to ZIF-8HP observed
within this pressure range.13 Above the transition pressure all
samples present somewhat similar kinetics due to the opened
structure. These observations are consistent with a model in
which, below the gate pressure, the 3.4 Å windows in ZIF-8
change between open and closed configurations depending on
environmental pressure gradient; whereas above the gate
pressure, the windows remain open. In these conditions of
static low and high pressure, a snapshot of the ZIF-8 structure
would reveal (at least) two discrete, non-disordered phases
ZIF-8AP and ZIF-8HP rather than a free swing of the mIM
rings. This dynamic opening and closing process during the
pressure swing depends on the particle size of ZIF-8.
Assuming that both the large and the small particles have
the same structure, we are eﬀecting the same change in both
samples. From a thermodynamic point of view, the energy
change should also be the same for both. As shown above, we
found however important diﬀerences between samples, so the
question would be: are there any diﬀerences in the compo-
sition or the structure of the diﬀerent ZIF-8 crystals? The main
diﬀerence is related to the ratio of external surface vs. bulk
phase, which is much larger for smaller than for larger par-
ticles. This would imply that the external surface/bulk ratio of
the 4-ring windows in large particles sizes is lower than in
small particles. If the driving force for the phase transition
is the adsorption of additional N2 molecules in the 4-ring
window in the bulk14 – similar to the hand-glove model of
enzymes – we will have a higher amount of active sites in
larger particles, therefore reducing the activation energy for
the phase transition.
Evolution of the ZIF-8 structure
In order to validate our analysis of the phase transition behav-
iour of ZIF-8 with diﬀerent particle sizes, we performed in situ
PXRD experiments for ZIF-8-98 and ZIF-8-0.14 upon the
adsorption of N2 at 80 K. Fig. 6a shows, as an example, the
comparison of the PXRD patterns obtained for ZIF-8-0.14
before and after N2 adsorption. During N2 adsorption, all the
peaks are shifted to lower angles, and the (004) (2θ = 11.11°)
reflection shows a notable gain in intensity. Rietveld refine-
ments to obtain crystallographic models were successful in
both structures (Fig. S6†). Fig. 6b–d shows the rotation of the
mIM rings and the bend of the methyl group from the planar
mIM rings with increasing adsorption pressure in both ZIF-8
samples, whereas Fig. S7† shows the changes in the a cell para-
meter. The N2 uptakes measured during the in situ experiment
Fig. 6 (a) Comparison of PXRD patterns for ZIF-8-0.14 during in situ N2
adsorption at 0 (black line) and 0.63 bar (red line). (b) Rotation of the
mIM ring and methyl group respect to the mIM ring. Angle of rotation
along with the amount of adsorbed N2 molecules at diﬀerent p(N2) for
(c) ZIF-8-98 and (d) ZIF-8-0.14. Red square, rotation of mIM ring; blue
diamond, bend of the methyl group; black triangle, N2 uptake.
Dalton Transactions Paper
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have been included in both figures as a reference. The amount
adsorbed during the diﬀraction experiments diﬀers from the
equilibrium isotherms measured volumetrically; this diﬀer-
ence is attributed to the fact that the gas adsorption during
the in situ PXRD measurements is not fully equilibrated, and
to the slightly higher adsorption temperature (80 vs. 77 K).
Despite this, the two samples clearly present diﬀerent trends
during the in situ PXRD experiment: for ZIF-8-98 the uptake of
gas is negligible below 0.05 bar; above this pressure the
amount adsorbed increased up to 31 molecules per unit cell
(220 cm3 per g STP), followed by a second step up to
ca. 55 molec per uc (390 cm3 per g STP). In contrast, ZIF-8-0.14
started with a loading of 27 molec per uc (191 cm3 per g STP)
at low pressures and jumped up to ca. 31 molec per uc
(220 cm3 per g STP) at 0.07 bar, followed by a second step of
ca. 54 molec per uc (380 cm3 per g STP) at 0.6 bar.
Evolution of the structure in large particle size ZIF-8-98
Rietveld refinement of the activated ZIF-8 sample under
vacuum and 80 K shows the well-known gate-closed ZIF-8AP
structure,13,41 with the methyl groups projecting into the pore
windows and hindering the accessibility of N2 molecules
through the 4-ring windows. Upon adsorption of N2 up to
0.0371 bar, the unit cell undergoes a slight decrease in volume
by ca. 0.1% (∼3.5 Å3 for lattice parameter a). Over this range,
the mIM ring configuration remained almost unaltered
(Fig. 6). Interestingly, the methyl group bent from the mIM
plane to open the window. Upon increasing the pressure to
0.0685 bar, the unit cell increases in volume by 0.8% (∼41 Å3),
which is associated with a rotation of the mIM rings by up to
9° to open the pore windows, and a decrease in the degree of
out-of-plane bending of the methyl group.
Fig. S8† shows the first adsorption site (observed from
0.0371 bar and 0.816 molec per uc), associated to Site I as
described previously for adsorption of methane in ZIF-8.14 At
ca. 42 molec per uc (i.e. the first step at 0.0575–0.0685 bar),
two additional N2 adsorption sites in the centre of the 6-ring
window (4.4 molec per uc) and the centre of the cavity
(2.1 molec per uc) were identified, associated to Site II and Site
III, respectively.42 We termed this phase as the gate-closed
large cell ZIF-8AP structure.
Interestingly, the PXRD patterns of ZIF-8-98 obtained at
0.0798 and 0.0868 bar showed a splitting of the diﬀraction
peaks into three, indicating a mixture of diﬀerent phases –
probably due to the lack of equilibrium (Fig. S10†). These
three phases were identified as: (i) the gate-closed ZIF-8AP
structure (at p(N2) = 0 bar), (ii) the gate-closed large cell
ZIF-8AP structure (observed at p(N2) = 0.0685 bar) and the (iii)
gate-open ZIF-8HP structure (p(N2) > 0.0948 bar). Increasing
adsorption pressure led to further N2 uptake and the com-
pletion of the phase transition to ZIF-8HP structure. This was
accompanied by an increase in unit cell volume by ca. 0.9%
(∼50 Å3); after the phase transition, the unit cell volume
remains approximately constant. At ca. 52 molec per uc (i.e.
the second adsorption substep at pressures above 0.100 bar),
the rotation of the mIM rings increased to 16°, whereas the
methyl group bent between 9 and 12°. A new adsorption site
was identified in the 4-ring window with 3.9 molec per uc
adsorbed (Fig. S8c†), and was associated to Site IV.14
Evolution of the structure in small particle size ZIF-8-0.14
The evolution of ZIF-8-0.14 diﬀered significantly from that of
the ZIF-8-98. Under vacuum at 80 K, ZIF-8-0.14 adopts the
gate-closed ZIF-8AP structure, although with a slightly
smaller unit cell (ZIF-8-98, a = 17.00590(3) Å; ZIF-8-0.14, a =
16.98271(5) Å). At the lowest pressure measured (i.e. 0.0146
bar) three adsorption sites for N2 molecules were identified in
the structure (Fig. S9†), with 20.5 molec per uc, 3.5 molec per
uc and 3.4 molec per uc adsorbed, respectively, giving a total
of 27 N2 molecules per unit cell. These sites correspond to Site
I, II and III, respectively, as also identified in methane adsorp-
tion studies on ZIF-8.14
Increasing the adsorption pressure to 0.3500 bar led only to
a small increase in the number of adsorbed molecules (i.e.
35 molec per uc). One additional adsorption site was observed
at this pressure: Site IV 0.5 molec per uc at the centre of the
4-ring window. In this range of pressure, both the rotation of
the mIM rings and the bend of the methyl groups increased
gradually up to 7.6 and 3.9°, respectively. This was similar to
the values obtained for the large crystal ZIF-8-98 and the inter-
mediate step during the adsorption process. Increasing the
adsorbate pressure led to a jump in the N2 uptake, reaching
61 molec per uc at 1.3580 bar, as well as an increase in the
rotation of the mIM rings and the bend of the methyl group
up to 10 and 9°, respectively. This jump corresponds to the
transition to the ZIF-8HP.
Overall, ZIF-8-0.14 showed a broader pressure range of tran-
sition compared with ZIF-8-98 (Fig. S6†). This is similar to the
trend of phase transition in N2 isotherms at 77 K. The overall
rotation of the imidazole for ZIF-98 and ZIF-8-0.14 is 17° and
10°, respectively as shown in Fig. S11 and S12.†
Conclusions
We have studied the adsorption properties of a series of
ZIF-8 materials with diﬀerent particle sizes using high-resolu-
tion N2 adsorption isotherms at 77 K and in situ PXRD. The
pressure at which the gas-induced phase transition occurs
(between ZIF-8AP and ZIF-8HP structures) is strongly influ-
enced by the particle size of the ZIF-8 crystals. In this regard,
small particle sizes of ZIF-8 (ZIF-8-0.14), showed a smoother
and broader stepped adsorption behaviour as well as a hyster-
esis loop during desorption, compared with larger particle
sizes (ZIF-8-98). These diﬀerences are caused by the higher
energy barrier and smaller amount of active sites in the
smaller particle size ZIF-8. The diﬀerences found during equi-
librium adsorption are also extended to the adsorption
kinetics. In this regard, more rigid ZIF-8-0.14 shows longer
equilibration times than ZIF-8-98 at low pressures before the
phase transition between ZIF-8AP and -HP. At higher press-
ures, when the ZIF-8 material adopts the ZIF-8HP structure,
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equilibration times were significantly reduced and very similar
between both ZIF-8-98 and ZIF-8-0.14. In situ PXRD studies
during the adsorption of N2 at 80 K showed changes in the
rotation of both the 2-methylimidazole ring and the bend
angle of the methyl group during the process. All these find-
ings are of particularly importance in the design and engineer-
ing of new MOF adsorbents and MOF based mixed
membranes, and to tune the selectivity properties of new
materials for specific applications such as eﬃcient CO2
capture.43
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S1 Instruments 
X-ray diffraction (XRD) patterns were recorded with a Bruker D8 diffractometer using CuKα1 (λ=0.15405 
Å
-1
) radiation with a step of 0.02° at a scanning speed of 0.1°s
-1
. Scanning electron microscope (SEM) 
images were taken by Hitachi S-5500 FE SEM with an accelerating voltage of 5kV without gold coating. N2 
adsorption isotherms were undertaken at 77 K using a Micromeritics ASAP 2020 instrument. Prior to the N2 
adsorption, all samples were evacuated overnight for 24 h at 423 K under vacuum.  
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S2 Particle size distribution 
For each sample, 100 particles were randomly selected to measure the size by using Hitachi S-5500 FE SEM. 
The size distribution, together with average size and standard deviation (SD) are shown in Figure S1.  
 
 
 
Fig. S1. Size distribution and normal distribution of different ZIF-8 samples.  
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S3 BET representation 
BET area was calculated by Rouquerol’s consistency criteria.1 The plot on left in Fig S2 was used to select 
the maximum P/P0 for calculation. The plot on right in Fig S2 was the BET representation by using selected 
P/P0. The plot was not linear due to the phase transition.   
 
 
 Fig. 
S2a. Plot to determine maximum P/P0 by applying Rouquerol’s consistency criteria (left) and BET 
representation of N2 isotherms (right). a) ZIF-8-0.14, b) ZIF-8-0.21, c) ZIF-8-0.61. 
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Fig. S2b. Plot to determine maximum P/P0 by applying Rouquerol’s consistency criteria (left) and BET 
representation of N2 isotherms (right). d) ZIF-8-1.6, e) ZIF-8-10, f) ZIF-8-98. 
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S4 N2 adsorption/desorption 
 
 
 
 
 
 
Fig. S3. a) Semi-log plot of N2 adsorption isotherms at 77 K in ZIF-8 samples with different particle size. 
Blue closed diamonds, ZIF-98; red closed squares, ZIF-8-10; green closed triangles, ZIF-8-1.6; purple open 
diamonds, ZIF-8-0.61; blue open squares, ZIF-8-0.21; orange open triangles, ZIF-8-0.14. b) Detail of the N2 
adsorption isotherms plot in the phase transition region. 
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Fig. S4. N2 adsorption and desorption of ZIF-8 with different particle sizes. a) ZIF-8-0.14, b) ZIF-8-0.21, c) 
ZIF-8-0.61, d) ZIF-8-1.6, e) ZIF-8-10, f) ZIF-8-98. Closed circles, adsorption; open circles, desorption. 
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S5 Equilibrium time 
The adsorption/desorption equilibrium time for all samples was shown in Fig S5. Before the structure 
opening, the adsorption time was different for different samples due to the different flexibility of the 
structure, which highly affects the diffusion of the molecules. The adsorption time was significantly 
increased at the onset pressure for the two stepped adsorption process. This is mainly due to the 
rearrangement of adsorbed gas and filling of new gas molecules at the 4-ring window. After the structure 
transition, the equilibrium time was declined due to the easy accessibility for the opened structure. The same 
trend was observed for desorption process. The equilibrium time was increased at the threshold pressure for 
hysteresis loop due to the structure transition and rearrangement of the remaining gases.
2
  
 
 
 
Fig. S5. N2 adsorption along with equilibrium time for a) ZIF-8-0.14, b) ZIF-8-0.21, c) ZIF-8-0.61, d) 
ZIF-8-1.6, e) ZIF-8-10, f) ZIF-8-98. Black closed circle, adsorption; red open square, adsorption equilibrium 
time.  
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S6 In situ XRD 
Sample Preparation 
ZIF-8-0.14 
ZIF-8-0.14, already in the form of a fine powder, was ground in a pestle and mortar to ensure the sample was 
fully homogenous. The powder was then loaded into a 0.5 mm quartz glass capillary and secured in place by 
packing a small ball of class wool on top of the powder. The capillary was then inserted into a brass sealing 
stub and sealed in place with epoxy resin. Finally the funnel end of the capillary was snapped off and the 
whole assembly was secured by a Swagelok® fitting in to the I11 gas cell.
3,4
 
ZIF-8-98 
ZIF-8-98 was obtained as large blocky and intergrown crystals. The sample was very gently and briefly 
ground, to yield a particle size that could be loaded into a capillary. As for the ZIF-8-0.14, the powder was 
loaded into a 0.5 mm quartz glass capillary and secured in place with a small ball of glass wool. It should be 
noted that due to the large particle size the packing was significantly less homogenous than normally 
desirable, however this was necessary to facilitate investigation of the particle size effect on structural 
responsiveness. After loading, the capillary was inserted into a brass sealing stub and sealed in place with 
epoxy resin. Finally the funnel end of the capillary was snapped off and the whole assembly was secured by 
a Swagelok® fitting in to the I11 gas cell.
3,4
 
Data Collection Details 
All diffraction patterns in this work were collected using the in-house developed 90° arc position sensitive 
detector at beamline I11,
5
 collecting 8 partial patterns each at a different δ angle (range δ  = 2.0°-3.75°; step 
size of 0.25°) for 1 sec. Patterns were then summed together to remove the gaps between detector plates. 
Whilst collecting data, the sample was repeatedly rocked on the θ circle through 30° to provide some powder 
averaging. 
Activation 
Both ZIF-8-0.14 and ZIF-8-98 were activated in the same way, first offline for about an hour prior to 
mounting on the diffractometer using a tube furnace heated to 413 K and under dynamic vacuum provided 
by a turbomolecular pump (p ~ 1×10
-6
 mbar). The sample was then transferred to the diffractometer on 
beamline I11 at Diamond Light Source (Oxon., UK)
6
 and a diffraction pattern was collected. The sample was 
activated again for a further 20 mins using an Oxford cryostream heated to 413 K and the turbomolecular 
pump of the I11 gas handling system.
3,4
 A second diffraction pattern was collected after activation to check 
the degree of sample degradation, before the sample was cooled under dynamic vacuum to 80 K, using the 
cryostream. 
In Situ Experiment 
Once cooled to 80 K, a diffraction pattern of each sample was collected at a pressure of 0 bar (measured 
using the I11 gas handling system). N2 gas was then dosed onto the sample, using the I11 gas handling 
system. A series of 12 pressure points, approximately equally spaced over the range p(N2) = 0.00-0.10 bar 
(p/p0 = 0.00-0.07; p0 taken as 1.3687 at 80 K)
7
 were then collected (Table S1). A second series 10 of points 
were collected with wider spacing over the range p(N2) = 0.10-1.35 (p/p0 = 0.07-0.99) (Table S1). At each 
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pressure point, the N2 pressure in the sample was allowed to equilibrate for 10 mins and the rate of change of 
the pressure was then observed. If the rate of change was greater than 0.1 mbar in 20 secs, the sample was 
allowed to equilibrate for a further 5 mins and the rate of change checked again; this process was repeated 
until the N2 pressure stabilised. A diffraction pattern of the sample was then collected using the PSD, as 
described for the activation procedure. 
 
Table S1. N2 adsorbate pressures at which diffraction patterns were collected for ZIF-8-0.14 and ZIF-8-98 
during the in situ adsorption experiment. 
 
ZIF-8-0.14/ bar ZIF-8-98 / bar 
0.0000 0.0000 
0.0146 0.0069 
0.0191 0.0137 
0.0277 0.0196 
0.0368 0.0278 
0.0474 0.0371 
0.0581 0.0469 
0.0705 0.0575 
0.0794 0.0685 
0.0847 0.0798 
0.0927 0.0868 
0.0994 0.0948 
0.1566 0.1015 
0.2001 0.1526 
0.2506 0.2044 
0.3500 0.2544 
0.4576 0.3486 
0.6364 0.4481 
0.8284 0.5921 
1.0020 0.8079 
1.2473 1.0367 
1.3580 1.2612 
 1.3486 
 
Data Analysis 
Each data set was reprocessed to a data range of 2.0°-55.0° with a bin size of 0.004° 2θ using a bespoke 
Python script. All indexing, Pawley fitting and Rietveld refinement operations, including parametric Rietveld 
refinement, were performed using the routines implemented in the TOPAS-Academic v5 suite.
8
 It was 
possible to index all of the diffraction patterns in this work in the reported cubic space group for ZIF-8, 
𝐼43̅𝑚. 
Initial Rietveld Refinements 
The diffraction patterns measured for both samples under vacuum were indexed and Pawley fitted. A 
Rietveld refinement was then performed, using the background, peak profile and unit cell parameters 
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determined from the Pawley fit, along with the previously reported activated ZIF-8 structure,
9,10
 as a starting 
model. To account for the poorer averaging of the ZIF-8-98, additional preferred orientation (spherical 
harmonic model) terms were included in the refinement. To ensure a chemically sensible result, restraints 
were applied to the Zn-N, N-C and C-C distances, as well as N
…
C, C
…
C and N
…
N non-bonding distances. A 
further restraint was applied to ensure the imidazolate ring remained flat. The same set of restraints was used 
for all Rietveld refinements, including the parametric refinement, and these are summarised in Table S2. 
Good fits to both sets of data were achieved and refinement quality indicators along with the final refined 
unit cells are included in Table S3. 
Table S2. Restraints applied to the framework during the Rietveld refinement, with a schematic of the 
imidazolate linker and one Zn atom to show where these restraints are applied. 
Restraint Distance ± Tolerance / Å 
 
Zn-N 1.99 ± 0.001 
C1-C1 1.37 ± 0.001 
C1-N1 1.37 ± 0.001 
N1-C2 1.30 ± 0.001 
C2-C3 1.52 ± 0.001 
C1…N1a 2.37 ± 0.005 
C1…C2 2.31 ± 0.005 
N1…N1a 2.25 ± 0.005 
C1, N1, C2, C3 (Dihedral 
angle) 
0.0° ± 0.001° 
In the next stage, diffraction pattern measured at the maximum N2 pressures for each sample (ZIF-8-0.14: 
p(N2) = 1.3580 bar, p/p0 = 0.992; ZIF-8-98: p(N2) = 1.3486 bar, p/p0 = 0.985) were analysed. Data were 
indexed and Pawley fits were performed and the profile and cell parameters from these used as starting 
points for the Rietveld refinement. The respective structure under vacuum was used as a starting point for the 
refinement, with the restraint set described applied. The positions of the imidazolate linker were then allowed 
to refine. Once this stabilised, a Fourier difference map was calculated and on the most likely (highest peak) 
positions, a N2 molecule was placed. Each N2 molecule was described as a rigid body, with two N atoms 
separated by a distance of 1.098 Å; the position of the molecule was described with a ‘fake’ atom referred to 
as the Centre Of Mass (COM), placed half way between the two N atoms. Occupancies and orientation of the 
each molecule were refined first, followed by the position. If molecule’s occupancy tended to 0, it was 
removed and an alternative Fourier difference peak was chosen as an N2 molecule. By this sequential process 
a model of the structure of the adsorbed N2 molecules was developed. In the final cycles of refinement, 
occupancy and orientation of the N2 molecules was fixed and the positions and displacement parameters of 
the N2 adsorbates and framework were refined together. Good fits to the data were again obtained and the 
refinement quality indicators are included in Table S3. 
Rietveld Refinements at Intermediate Pressures 
To identify structural changes in the samples occurring at intermediate N2 pressures, diffraction patterns were 
initially visually inspected for obvious shifts in peak positions. For ZIF-8-0.14, four phases with peaks not 
consistent with either the evacuated or p(N2) = 1.3580 bar structures were identified, whilst for ZIF-8-98 
only three phases were identified. However, it was found that diffraction patterns of ZIF-8-98 measured at 
p(N2) = 0.0798 and 0.0868 bar contained peaks attributed to either two or three of the other observed phases. 
Thus, these measurements were discarded in subsequent analysis steps. 
Each identified phase was Rietveld refined separately, using the structure nearest in N2 pressure as a 
starting point. The framework of each structure was refined using the restraints listed in Table S2 and the 
S11 
 
structure of the adsorbates was determined using the method described for the p/p0~1 structures. In the final 
cycles of refinement, the framework and adsorbate structures were refined together; the final refinement 
quality indicators are given in Table S3.  
 
Table S3. List of refinement quality parameters and lattice parameters obtained from the final Rietveld 
refinements of ZIF-8-0.14 and ZIF-8-98 determined as a function of N2 adsorbate pressure.  
ZIF-8-0.14 
N2 Pressure (p/p0) / 
bar (-) 
Cell Parameter / 
Å 
Rwp / 
% 
RBragg / 
% 
χ2 
0.0000 (0.000) 16.98205(8) 1.84 2.36 6.708 
0.0847 (0.062) 17.03920(10) 2.54 2.34 12.302 
0.0927 (0.068) 17.03985(8) 1.68 1.22 5.400 
0.4576 (0.334) 17.04902(8) 1.60 1.03 4.858 
0.6364 (0.465) 17.06286(7) 1.82 1.17 6.311 
1.3580 (0.992) 17.10080(7) 1.62 1.24 5.020 
ZIF-8-98 
N2 Pressure (p/p0) / 
bar (-) 
Cell Parameter / 
Å 
Rwp / 
% 
RBragg / 
% 
χ2 
0.0000 (0.000) 17.00499(6) 5.24 5.03 41.967 
0.0371 (0.027) 17.00076(5) 4.09 3.02 26.051 
0.0575 (0.042) 17.05138(7) 4.87 5.72 36.244 
0.0948 (0.069) 17.11474(6) 4.19 3.53 26.788 
1.3486 (0.985) 17.11853(3) 3.13 1.94 15.194 
 
Parametric Rietveld Refinement 
The individually refined structures were used to set up a parametric Rietveld refinement; during this 
refinement, the unit cell parameters and atomic positions of these structures were fixed. Initial models of the 
structures at pressure between the refined structures were derived from the refined structure bounding the 
range with the highest pressure (e.g. for ZIF-8-0.14 structures between 0.0146 and 0.0794 bar, the 0.0847 bar 
structure was used rather than the 0.0000 bar structure). Peak profile, background and displacement 
parameters were constant across all structures. Lattice parameters of the all the unrefined phases were 
allowed to refine freely. Framework structure was alternately refined with N2 molecule orientation and 
occupancy until the refinement was relatively stable, at which point all were refined together. N2 molecule 
occupancy was restrained to be greater than the previous structure’s occupancy whilst lower than the 
subsequent structure’s, assuming that as the N2 pressure increases, so the adsorbed amount also increases. 
Only in the last cycles of refinement were the thermal parameters also refined. Good fits to the data were 
obtained for the final cycles of both structures – fit quality indicators, and unit cell parameters from the 
parametric Rietveld refinement are given in Table S4. 
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Table S4. Results of parametric Rietveld refinement: fit quality indicators and lattice parameters as a 
function of pressure. 
ZIF-8-0.14 
N2 Pressure (p/p0) / 
bar (-) 
Cell Parameter / 
Å 
Rwp / 
% 
RBragg / 
% 
χ2 
0.0000 (0.000) 16.98289(4) 2.16 3.13 9.276 
0.0146 (0.011) 16.99929(4) 2.06 2.09 8.155 
0.0191 (0.014) 16.99929(4) 1.90 1.77 6.884 
0.0277 (0.020) 16.99929(4) 1.84 1.59 6.495 
0.0368 (0.027) 16.99934(4) 1.80 1.52 6.240 
0.0474 (0.035) 17.00051(4) 1.80 1.55 6.254 
0.0581 (0.042) 17.00676(4) 1.81 1.62 6.239 
0.0705 (0.052) 17.01928(4) 1.78 1.53 6.114 
0.0794 (0.058) 17.03359(4) 1.84 1.75 6.436 
0.0847 (0.062) 17.03847(4) 1.97 2.24 7.368 
0.0927 (0.068) 17.03994(4) 1.80 1.16 6.178 
0.0994 (0.073) 17.04100(4) 1.85 1.37 6.502 
0.1566 (0.114) 17.03950(4) 2.03 2.07 7.775 
0.2001 (0.146) 17.03853(4) 2.23 2.51 9.458 
0.2506 (0.183) 17.03873(4) 2.57 3.34 12.440 
0.3500 (0.256) 17.04065(4) 2.88 3.68 15.773 
0.4576 (0.334) 17.04969(4) 2.35 3.32 10.449 
0.6364 (0.465) 17.06290(5) 1.97 1.87 7.342 
0.8284 (0.605) 17.07699(4) 2.03 1.70 7.813 
1.0020 (0.732) 17.08662(4) 1.92 1.67 7.026 
1.2473 (0.911) 17.09597(4) 2.05 2.06 7.980 
1.3580 (0.992) 17.10034(4) 2.34 3.35 10.425 
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ZIF-8-98 
N2 Pressure (p/p0) / 
bar (-) 
Cell Parameter / 
Å 
Rwp / 
% 
RBragg / 
% 
χ2 
0.0000 (0.000) 17.00590(3) 5.52 4.94 46.646 
0.0069 (0.005) 17.00492(3) 4.97 7.71 38.502 
0.0137 (0.010) 17.00381(3) 3.49 2.83 18.979 
0.0196 (0.014) 17.00278(3) 3.61 3.07 20.241 
0.0278 (0.020) 17.00229(3) 3.71 3.58 21.777 
0.0371 (0.027) 17.00185(3) 4.38 3.59 30.3007 
0.0469 (0.034) 17.00507(4) 8.86 7.46 121.668 
0.0575 (0.042) 17.05243(3) 4.91 5.61 36.848 
0.0685 (0.050) 17.05734(3) 8.61 15.79 114.358 
0.0798 (0.058)     
0.0868 (0.063)     
0.0948 (0.069) 17.11437(3) 4.67 5.06 33.355 
0.1015 (0.074) 17.11421(3) 3.92 4.16 23.588 
0.1526 (0.111) 17.11555(3) 5.03 5.54 38.729 
0.2044 (0.149) 17.11558(3) 4.18 3.52 26.982 
0.2544 (0.186) 17.11613(3) 3.41 3.66 17.973 
0.3486 (0.255) 17.11677(3) 3.62 3.16 20.368 
0.4481 (0.327) 17.11731(3) 4.27 3.43 28.233 
0.5921 (0.433) 17.11784(3) 3.52 3.53 19.011 
0.8079 (0.590) 17.11857(3) 3.49 3.91 19.075 
1.0367 (0.757) 17.11895(3) 3.35 2.96 17.386 
1.2612 (0.921) 17.11889(3) 3.88 5.39 23.497 
1.3486 (0.985) 17.11918(3) 3.53 3.05 19.360 
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Figure S6a. Observed (black), refined (red), and difference (blue) X-Ray diffraction profiles measured for 
(top) empty ZIF-8-98, and (bottom) ZIF-8-98 loaded with N2 at 0.0371 bar.  
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Figure S6b. Observed (black), refined (red), and difference (blue) X-Ray diffraction profiles measured for 
(top) ZIF-8-98 loaded with N2 at 0.0575 bar, and (bottom) ZIF-8-98 loaded with N2 at 0.0948 bar. 
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Figure S6c. Observed (black), refined (red), and difference (blue) X-Ray diffraction profiles measured for 
ZIF-8-98 loaded with N2 at 1.3486 bar. 
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Figure S6d. Observed (black), refined (red), and difference (blue) X-Ray diffraction profiles measured for 
(top) empty ZIF-8-0.14, and (bottom) ZIF-8-0.14 loaded with N2 at 0.0847 bar. 
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Figure S6e. Observed (black), refined (red), and difference (blue) X-Ray diffraction profiles measured for 
(top) ZIF-8-0.14 loaded with N2 at 0.0927 bar, and (bottom) ZIF-8-0.14 loaded with N2 at 0.4576 bar. 
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Figure S6f. Observed (black), refined (red), and difference (blue) X-Ray diffraction profiles measured for 
(top) ZIF-8-0.14 loaded with N2 at 0.6364 bar, and (bottom) ZIF-8-0.14 loaded with N2 at 0.3580 bar. 
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Fig. S7. Change in a cell parameters (red squares) along with the amount of adsorbed N2 molecules (black 
triangles) at different p(N2) for a) ZIF-8-98 and b) ZIF-8-0.14. 
 
Fig. S8. Adsorption sites of N2 at 80 K on ZIF-8-98 at a) 0.0469 bar; b) 0.068 bar; c) 1.3486 bar. Grey, 
carbon atoms; blue, nitrogen atoms; cyan, zinc atoms; red, N2 molecules adsorbed at site I; purple, N2 
molecules adsorbed at site II; green, N2 molecules adsorbed at site III; yellow, N2 molecules adsorbed at site 
IV. 
 
Fig. S9. Adsorption sites of N2 at 80 K on ZIF-8-0.14 at a) 0.0146 bar; b) 0.35 bar; c) 1.3580 bar. Grey, 
carbon atoms; blue, nitrogen atoms; cyan, zinc atoms; red, N2 molecules adsorbed at site I; purple, N2 
molecules adsorbed at site II; green, N2 molecules adsorbed at site III; yellow, N2 molecules adsorbed at site 
IV. 
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Fig. S9. In situ XRD of ZIF-8-98 at different N2 pressure.   
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Fig. S10. Unit cell of ZIF-8-98 at a) p(N2) = 0.0000 bar, b) p(N2) = 1.3468 bar. Grey spheres, carbon; blue 
spheres, nitrogen; red spheres, zinc. 
 
 
 
 
 
a)
b)
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Fig. S11. Unit cell of ZIF-8-0.14 at a) p(N2) = 0.0000 bar, b) p(N2) = 1.3580 bar. Grey ball, carbon; blue ball, 
nitrogen; Red ball, zinc. 
 
 
 
a)
b)
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